INTRODUCTION
In recent decades, the growing volume of pollutants discharged into the environment owing to the rapid population growth and increased industrial activity is widely acknowledged as the leading contributor to serious ecological problems being faced by the world currently (Barrera-Díaz et al., 2012) . Unlike most organic pollutants, heavy-metal pollutants are particularly thorny issues, as they do not undergo degradation. Chromium exists under natural conditions mainly in two oxidation states; namely, Cr(III) and Cr(VI). Generally, Cr(III) species have lower toxicities and are poorly mobile, readily precipitating in the forms of Cr(OH) 3 , CrFe(OH) 6 , and CrPO 4 , or adsorbed by soils (Dai et al., 2009 ). In contrast, Cr(VI) species are known to be highly toxic and readily mobile in biological systems, causing serious health problems such as liver damage and pulmonary complications (Eary and Rai, 1988; Yurik and Pikaev, 1999) . Therefore, Cr(VI) reduction methods for remediating Crcontaminated sites have been actively investigated, including conventional chemical reduction (Lan et al., 2005 (Lan et al., , 2006 Li et al., 2007) ; photocatalytic reduction (Gaberell et al., 2003; Sun et al., 2009; Tian et al., 2010) ; electrochemical reduction (Lakshmipathiraj et al., 2008; Olmez, 2009) ; and bioreduction (Cheung and Gu, 2007; Patra et al., 2010; Contreras et al., 2011) . Cr(III), the product of Cr(VI) reduction, is subsequently removed from 2006; Zhou et al., 2007) ; however, the extremely fine particle sizes of schwertmannite render it very difficult to be utilized in combination with traditional filtration techniques in practice, i.e., solid-liquid separation (Eskandarpour et al., 2008) . The fixed-bed column is regarded as an alternative approach to overcome the above limitations. In this study, the performance of a schwertmannite adsorbent for Cr(VI) removal through a fixed-bed column was evaluated. The effects of flow rates, adsorbent dosages, accompanying anions, and solution pH values on the adsorption of Cr(VI) by schwertmannite were investigated. The Yoon-Nelson model was applied to further predict and estimate the parameters of adsorption kinetics.
MATERIALS AND METHODS

Preparation of biogenic schwertmannite
Schwertmannite was prepared according to a modified method reported by Liao et al. (2009) . In brief, a freshly prepared Acidithiobacillus ferrooxidans LX5 cell suspension was introduced into an Erlenmeyer flask containing 240 mL of 0.144 M FeSO 4 with an initial pH of 2.5. The flask was incubated in a reciprocal shaker at 180 rpm and 28°C for 3 d; the resulting precipitates were collected by filtration with a Whatman No. 4 filter film and washed with 0.1 M H 2 SO 4 and deionized water. Finally, the collected minerals were dried at 60°C for 6 h. The schwertmannite characterization was carried out as described in our previous study (Wu et al., 2012) , demonstrating the same mineralogy phases as described in literature (Bigham et al., 1994) .
Adsorption experiments
A stock solution of Cr(VI) (200 mg/L) was prepared by dissolving K 2 Cr 2 O 7 (analytical grade) in deionized water. The initial pH values (2, 4, 6, and 8) of the bleaching solution containing 10 mg/L Cr(VI) were adjusted using either 0.1 M HCl or NaOH solution. The adsorption experiments were conducted in a glass column with an internal diameter and height of 0.5 and 30 cm, respectively. A compact quartz sand sieve with a height of 2 cm was placed at the bottom of the column to avoid any loss of adsorbent material. Because the extremely fine particle sizes of schwertmannite limited the use of a continuous filtering system and the absorbent dosages in this study were very low (0.05, 0.1, and 0.2 g), schwertmannite was thoroughly mixed with quartz sand (80-100 mesh) before filling the column. The height of the fixed bed containing the adsorbent was maintained at 5 cm in all experiments by decreasing or increasing the dosage of quartz sand. The 10 mg/L Cr(VI) solution was pumped through a peristaltic pump (Longer Peristaltic Pump) at the top of the column and the effluent was collected by a BS-100A auto-partial collector at the bottom of the column to determine Cr(VI) concentrations. The flow rates of the bleaching solution were controlled at 0.5, 1, and 1.5 mL/min using the peristaltic pump. The three anionic species NO 3 -, SO 4 2-, and H 2 PO 4 -(as the sodium salts) were introduced to the influent to investigate the effect of accompanying ions on Cr(VI) adsorption by schwertmannite; the ionic strength was not controlled in order to reduce possible ionic interferences in Cr(VI) adsorption by schwertmannite. All experiments were performed in duplicate at room temperature and the results are expressed in average.
A Yoon-Nelson model was utilized to simulate the adsorption kinetics curves under various experimental conditions. Breakthrough curves were depicted by the Cr(VI) concentration (mg/L) in the effluent against running time (min). Because the discharge standard of wastewater for Cr(VI) in China is currently defined as 0.5 mg/L, the piercing point was defined in this study to be the time at which Cr(VI) concentration in the effluent rose to 5% of the initial Cr(VI) concentration (10 mg/L). The piercing point was used to compare the fixed-bed column performance for Cr(VI) removal under different conditions.
Analytic methods
Cr(VI) concentration was measured by the diphenycarbazide (DPC) colorimetric method, using a dilute sulfuric acid solution (pH 2.0) to control pH for color development . Sample absorbances were measured in a 1-cm-long cell at 540 nm using a UV-9100 spectrophotometer (Beijing Ruili Corp.). A CyberScan pH 2100 Bench Meter (Eutech Instruments) was employed to measure the pH values after three-point calibration.
RESULTS AND DISCUSSION
Effect of schwertmannite dosages
The effects of schwertmannite dosage (X) in the fixedbed column on the adsorption of Cr(VI) were investigated at an initial pH of 6 and flow rate of 1 mL/min; the results are illustrated in Fig. 1 . As evidenced from the figure, Cr(VI) removal markedly increased with the adsorbent dosage. The piercing point (0.5 mg/L Cr(VI)) appeared at approximately 20 min at a schwertmannite dosage of only 0.05 g; however, at dosages 0.1 and 0.2 g, the measured piercing points were delayed to approximately 150 and 320 min, respectively. Thus, it is concluded that a low adsorbent dosage (X = 0.05 g) is inefficient for improving the Cr(VI) removal performance, because the number of available adsorption sites is too low. The concentrations of Cr(VI) in the effluent increased rapidly during the bleaching process at an absorbent loading of 0.05 g; in contrast, at adsorbent dosages greater than 0.1 g, the rates of increase were considerably slowed. As shown, Cr(VI) concentrations in the effluent were found to be consistently lower than that in the influent (10 mg/ L) by the end of bleaching, even at a low adsorbent dosage (X = 0.05 g), suggesting that Cr(VI) adsorption by schwertmannite is a relatively slow process, unlike electrostatic adsorption. In order to obtain enough data in a suitable running time, 0.1 g adsorbent was adopted in other column trials.
Effect of flow rates
The effects of flow rate (v = 0.5-1.5 mL/min) on Cr(VI) adsorption by schwertmannite were also investigated. The Cr(VI) concentration in the effluent against running time at various flow rates is depicted in Fig. 2 . At the start of the bleaching process (<30 min), the three breakthrough curves corresponding to each flow rate were very similar, and the measured Cr(VI) concentrations in the effluent were lower than the piercing point (0.5 mg/ L) (Fig. 2) ; beyond this point, the breakthrough curves exhibited different adsorption tendencies. Optimal Cr(VI) removal was obtained at a flow rate of 1 mL/min, whereas both the lower and higher flow rates examined were unfavorable for the removal of Cr(VI) by schwertmannite, a phenomenon attributed to the adsorption of Cr(VI) through anion exchange. High influent flow rates prevent anion exchange between HCrO 4 -and SO 4 2-(a constituent of schwertmannite) because of shortened contact times; similarly, a low flow rate impedes anion exchange because the liquid film on the adsorbent surface is not easily destroyed under these conditions, resulting in higher mass-transfer resistance. Therefore, all further trials in this study were performed at a flow rate of 1 mL/ min.
Effect of pH values
Because various metal ion species and the surface properties of adsorbents used to remove contaminants usually vary with pH values (Hamadi et al., 2001; Feng et al., 2006; Antelo et al., 2012) , establishment of a detailed mechanistic description of metal-ion adsorption over adsorbents is frequently complicated. Generally, ion exchange, surface complexation, and electrostatic interactions are identified as the major adsorption processes that work either individually or simultaneously (Deng and Bai, 2004) . The nature of a Cr(VI) species present in an aqueous solution is strongly dependent on pH; HCrO 4 -is the dominant species in the pH range 2-6, whereas at pH values <1.5 and >6.5, the dominant species of Cr(VI) are H 2 CrO 4 and CrO 4 2-, respectively (Benefield et al., 1982) . Schwertmannite is known to be amphoteric in surface charge, similar to other iron oxyhydroxide materials. The isoelectric point of biosynthesized schwertmannite is 5.4, which means that its surface is positively charged at pH < 5.4, while negative surface charges dominate at pH > 5.4 (Liao et al., 2011) . From the mechanistic viewpoint of electrostatic attraction, a lower pH (<5.4) is conducive to Cr(VI) adsorption of anionic Cr(VI) species, because the surface of the schwertmannite adsorbent carries a greater positive charge. Curiously, experimental results showed an opposite trend (Fig. 3) ; for example, Cr(VI) adsorption on schwertmannite increased on increasing pH value from 2 to 6 (Fig. 3) . Maximum removal of Cr(VI) was obtained at pH 6 with the appearance of a piercing point (0.5 mg/L) at approximately 150 min. The piercing points at pH 2 (initial conditions) and 4 were at approximately 50 and 90 min, respectively; however, it took approximately 100 min for the piercing point to appear at pH 8, earlier than that observed at pH 6. This increase in Cr(VI) removal over the pH span 2-6 was inconsistent with the results reported by Eskandarpour et al. (2008) and Antelo et al. (2012) ; however, it was confirmed by Chen and Zhou (2006) , who reported that the maximum saturated adsorption amounts of Cr(VI) by schwertmannite in batch trials were obtained in the pH et al., 2011) , and 7.0 (Antelo et al., 2012) . The schwertmannite used in this study was obtained by a biological process, whereas studies by Eskandarpour et al. (2008) and Antelo et al. (2012) employed schwertmannite prepared by chemical processes. Based on the fact that the maximum adsorption capacity of Cr(VI) was obtained at pH 6 (i.e., the schwertmannite surface is negatively charged), it can be concluded that anion exchange between HCrO 4 -and SO 4 2-dominated the adsorption process in the present system. Treatment of the effluent with BaCl 2 yielded a white precipitate of BaSO 4 , indicating the release of SO 4 2-from the schwertmannite structure. This result was also confirmed by Antelo et al. (2012) , who demonstrated that the adsorption process of chromate over schwertmannite involves anion exchange only. In addition, it is speculated that such an anion-exchange reaction occurs more readily in the pH range 6-7. The competitive reaction of OH -with CrO 4 2-for adsorption sites and higher electrostatic repulsion between CrO 4 2-and the negatively charged schwertmannite surface is also possible at a higher pH value (>8), leading to a decrease in Cr(VI) adsorption. On the other hand, an increase in pH (larger OH -concentration) also causes the release of sulfate ions, gradually resulting in the transformation of schwertmannite to goethite (Regenspurg et al., 2004) , which also decreases Cr(VI) adsorption.
Effect of accompanying anions
The effects of accompanying anions, including NO 3 -, SO 4 2-, and H 2 PO 4 -, on Cr(VI) removal by schwertmannite were investigated at an initial pH of 4.0; the results are illustrated in Fig. 4 . The presence of NO 3 -demonstrated a weak impact on Cr(VI) adsorption. Apart from the early appearance of the piercing point (approximately 50 min), the effluent Cr(VI) concentration remained almost the same at 280 min as compared with the control. The accumulated adsorption amount of Cr(VI) by schwertmannite in the presence of NO 3 -by the end of bleaching was 2.7 mg, very close to that of the control (2.8 mg). In addition, the effect of SO 4 2-on Cr(VI) removal was not considered significant, and the accumulated adsorption amount of Cr(VI) dropped by approximately 20% in comparison with the control. In contrast, H 2 PO 4 -exhibited very strong competition with Cr(VI) for adsorption sites on schwertmannite and markedly suppressed the removal of Cr(VI) from the solution, with the piercing point shifting from 90 min in the control to 20 min. The concentration of Cr(VI) in the effluent quickly rose to 10 mg/L, implying that virtually no Cr(VI) was adsorbed after 200 min. The accumulated adsorption amount of Cr(VI) by the end of the bleaching trial was only 0.8 mg, a decrease of approximately 71% compared with that of the control. Thus, the competition of the accompaning anions with Cr(VI) for adsorption sites followed the order H 2 PO 4 -> SO 4 2-> NO 3 -, which is in good agreement with the results obtained by Dzombak and Morel (1990) , who investigated the bonding affinities of various anions for surface complexes with hydrous ferric oxides. A similar result was also reported by Tian et al. (2010) , who observed that the use of 0.01 M K 2 HPO 4 as a background electrolyte nearly eliminated the soil adsorption of Cr(VI), with less than 5% of the initial Cr(VI) being adsorbed in the soil suspensions. They also found that 0.01 M KNO 3 used to control ionic strength in soil suspensions resulted in initial Cr(VI) loading absorptions of approximately 70-80% by red soil, 10-20% by yellow-brown soil, and 5-10% by chernozem. 
Determination of parameters of adsorption kinetics and adsorption amount
In this study, a theoretical model developed by Yoon and Nelson (1984) was used to further simulate the breakthrough curves and estimate the related parameters of adsorption kinetics. The Yoon-Nelson model is one of the most widely used methods in the fixed-column performance evaluation, which is based on the assumption that the rate of decrease in the probability of adsorption for each adsorbate molecule is related to the probability of adsorbate adsorption as well as adsorbate breakthrough (Yoon and Nelson, 1984) . The linearized model for a single component system is expressed as: Table 1 . The values of k YN increased on increasing the flow rate and adsorbent dosage from 0.05 to 0.1 g, but decreased with a higher adsorbent dosage (X = 0.2 g). In the dynamic adsorption process on a fixed-bed adsorption column, greater schwertmannite content (at a constant column height) is thought to decrease the permeable performance of the column; consequently, a portion of the adsorbent is not efficiently utilized, leading to a decrease in k YN . The values of τ cal increased from 77 to 880 min on increasing the adsorbent amount from 0.05 to 0.2 g at a flow rate of 1 mL/min, and decreased from 215 to 147 min on increasing the flow rate from 0.5 to 1.5 mL/min at a dosage of 0.1 g. Generally, k YN is negatively related to τ cal ; namely, the larger the k YN , the smaller is the τ cal value. It was observed that, with the exception of τ exp at a dosage of 0.2 g, all other values of τ cal were very close to those of τ exp . These results demonstrated that the experimental data (c t /c 0 ≤ 0.5) obtained in this study was well fitted to the Yoon-Nelson model, which was confirmed by most of the coefficients (R 2 > 0.9) listed in Table  1 .
The experimental data obtained in this study showed that the saturated adsorption of Cr(VI) by schwertmannite was difficult to obtain because the Cr(VI) concentration in the effluent could not rise to 10 mg/L. It was also difficult to estimate the saturated adsorption amount by theoretical models because the breakthrough curves obtained in this study in the later stage of bleaching differed from that of a typical fixed-bed column. It is conjectured that the different adsorption behaviors observed likely result because of different adsorption mechanisms. Adsorption processes taking place on other materials such as activated carbon and activated sludge are mainly controlled by electrostatic attraction or surface complexation. As previously discussed, adsorption occurring by electrostatic attraction is relatively rapid; however, anion exchange, the process by which schwertmannite adsorbs the Cr(VI) species, has high activation requirements, causing the breakthrough curve to stray from a typical one observed over common adsorbents in the later stage of the reaction.
The adsorption amount of Cr(VI) by schwertmannite in a fixed-bed column is obtained according to the following equation: Table 1 ). The maximum adsorption amount was realized at a flow rate of 1 mL/ min and an adsorbent dosage of 0.1 g. As previously discussed, the liquid film on the schwertmannite adsorbent surface is not easily destroyed at low flow rates; accordingly, Cr(VI) adsorption is reduced through high masstransfer resistance. A low adsorption amount (per unit weight of the adsorbent) appeared at high adsorbent dosage and flow rate, which was ascribed to the high penetration resistance and short contact time between the adsorbent and adsorbate, respectively.
CONCLUSIONS
In this study, schwertmannite obtained by the oxidation of ferrous sulfate by A. ferrooxidans cells was demonstrated as a novel and potential adsorbent for Cr(VI) removal. The adsorption capacity for Cr(VI) strongly depended on the flow rates and solution pH values. The optimal flow rate and pH for Cr(VI) removal in the column trials were 1 mL/min and 6, respectively; a bleaching flow rate lower or higher than the optimum was not conducive to Cr(VI) adsorption. A lower pH (<5.4) led to a lower adsorption of Cr(VI) despite the more positive charges on the surface of schwertmannite under these conditions, suggesting that the adsorption process was controlled by anion exchange and not by electrostatic adsorption. With the exception of H 2 PO 4 -, the accompanying anions NO 3 -and SO 4 2-did not have an obvious effect on Cr(VI) adsorption. Finally, the results obtained in this study are of great significance to further the understanding of the migration and fate of Cr(VI) in contaminated soils and natural water such as acidic mine drainage. Thus, we demonstrate the utility of an operationally simple continuous flow column technique for Cr remediation, a serious environmental concern.
